Abstract: A key goal of synthetic organic chemistry is the preparation of functional molecules from simple starting materials as expeditiously as possible. Building on our efforts to construct tripodal receptors featuring a cis-1,3,5-cyclohexane core, we have employed a tridirectional Minisci-type radical alkylation reaction as a singlestep method for the production of a series of new putative receptors.
The central mission of synthetic organic chemistry is to prepare organic molecules with useful properties. While historically natural products and natural product derivatives have been the primary focus of the field, de novo designed structures and combinatorial libraries of compounds are drawing increasing attention. In both the 'natural' and 'unnatural' product realms, Wender's concept of the 'ideal synthesis' (preparation of the target compound in a single step from commercially available materials in 100% yield with no by-products, under environmentally friendly conditions) serves as the touchstone against which a particular preparative route may be measured. 1 We recently disclosed a pH-responsive tripodal receptor 1 for ions centered on a cis-1,3,5-trisubstituted cyclohexane core. 2 In some respects inspired by natural products such as enterobactin, 3 tripodal receptors have found broad utility in the molecular recognition field. 4 As the cis-1,3,5-trisubstituted cyclohexane core represented a relatively unstudied class of designed receptor, we sought to expand its range. In particular, it occurred to us that direct substitution of the core with a variety of different nitrogen heterocycles could yield potentially interesting new receptors 2 for molecular recognition studies (Figure 1 ). These compounds would have several of the characteristics that are important for such receptors: a conformationally constrained (but not necessarily completely rigid) core, coupled with heteroatom functionality able to participate in hydrogen bonding and electrostatic interactions. We present herein preliminary efforts to prepare such compounds using a tridirectional Minisci-type radical alkylation reaction. Because this procedure provides what are likely to be functional organic molecules in a single step, it fulfills many (but not all) of the criteria of an ideal synthesis.
First reported in 1971, the Minisci reaction provides rapid entry into substituted heterocycles via addition of an alkyl radical generated by silver-catalyzed oxidative decarboxylation (Scheme 1) to a protonated aromatic base. 5 Because the reaction is simple, generally regioselective, and suitable for a wide range of alkyl and acyl 6 radicals, it has found broad application in the synthesis of functionalized heterocycles. In recent years this has included products as diverse as quinolines intended as anti-tuberculosis agents, 7 thyrotropin-releasing hormone (TRH) analogues, 8 and N-alkyl 1,2,4-triazoles. 9 In many respects, the reaction is complementary to other methods for the production of carbon-centered radicals from carboxylic acids, including the Barton decarboxylation. 10 As far as we are aware, use of the Minisci reaction in a bi-or tridirectional process has not been previously attempted.
In the initial trials, cis-1,3,5-cyclohexanetricarboxylic acid reacted with pyridine as the radical acceptor under modified Minisci conditions (1.0 equiv triacid, 0.6 equiv AgNO 3 , 10 equiv (NH 4 ) 2 S 2 O 8 , 10 equiv heterocyclic base, excess H 2 SO 4 ) to produce inseparable mixtures of regio- isomeric products. Since both the pyridine 2-and 4-positions are available for reaction with the intermediate secondary radical, this outcome was not altogether surprising. In contrast, reaction with pyrazine under analogous conditions produced the desired 2,2¢,2¢¢-trisubstituted compound 2a in 28% isolated yield (or the equivalent of 65% per alkylation step) as the major product (Table 1 , entry 2). Yield of the major product was strongly dependent on the use of an excess of heterocyclic base in the reaction, and one could envision further improvements by employing an even larger amount. However, difficulty with separating unreacted starting material as well as the expense of the reagent itself must be balanced against the desire to optimize yields, and we found that a 10-fold excess represented a reasonable compromise.
We next examined the scope of this reaction, varying the identity of the heterocyclic base while keeping the radical source constant. As shown in Table 1 , yields of major products were remarkably consistent for reaction with pyrimidine (entry 3), ethyl isonicotinate (entry 6), and ethyl nicotinate (entry 7). In contrast, reaction with pyridazine (entry 4) produced only a 5% yield of the desired product.
No reaction was observed with triazine or benzoxazole. Like pyridine, attempted reaction with quinoline produced only a complex mixture of inseparable products. However, 4-methylquinoline (lepidine; entry 9) produced the desired trisubstituted compound 2f in 5% yield. Studies by Minisci and co-workers demonstrated that radical alkylation of lepidine proceeds more rapidly in nonpolar solvent, 11 and it is possible that a similar change in solvent environment could improve the yield of 2f. Regioselectivity for the reaction with ethyl nicotinate (entry 7) was particularly interesting; this was the only product isolated with a mixed 4,4¢,6¢¢ configuration. A minor product was also produced in this reaction, but could not be isolated in sufficient quantity to permit characterization.
We also assessed a biphasic variant of the traditional Minisci reaction reported by Heinisch and Lötsch, 12 using pyrazine as the radical acceptor (Scheme 2). Cyclohexane tricarboxylic acid (1 equiv) was reacted with pyrazine (10 equiv) and ferrous sulfate heptahydrate (10 equiv) in a hydrogen peroxide (aq)/dichloromethane biphasic solution at 0°C for 15 minutes. These conditions provided the desired tri-pyrazine compound 2a in 24% yield. Increases in reaction time did not result in an increase in yield.
In summary, we have employed a tridirectional Minisci reaction to prepare several new putative tripodal receptors. While the sub-quantitative yield and need for excess heterocyclic base prevent this synthesis from fully serving as a canonical 'ideal synthesis', the fact that significant complexity increase (three new C-C bonds) and potentially functional structures are obtained is significant. In related work, we have observed that an analogous receptor derived from tridirectional Minisci reaction with 4-cyanopyridine is able to efficiently bind monosaccharides in protonated solvents. 13 Studies on the properties of these molecules as receptors for a variety of biologically significant targets are in progress. 
Scheme 2
All chemicals were obtained from the Aldrich Chemical Company, and used as obtained from the manufacturer. NMR spectra were acquired using a Bruker Avance-400 instrument; chemical shifts are reported relative to an internal solvent reference. All FTIR spectra were acquired using the thin-film method on a Shimadzu FTIR-8400 S instrument. High-resolution mass spectra were acquired at the University of California, Riverside mass spectrometry facility.
Free-Radical Alkylation Reaction of Hetrocyclic Bases; General Procedure
To a solution of 1,3,5-cyclohexanetricarboxylic acid (1 mmol) in 10% H 2 SO 4 (5 mL) was added AgNO 3 (0.6 mmol) and the heterocyclic base (10 mmol). The mixture was heated to 80 °C. A sat. solution of (NH 4 ) 2 S 2 O 8 (10 mmol) in H 2 O was added dropwise over 10 min to the mixture with evolution of CO 2 (indicated by bubbling in the solution). After emission of CO 2 had ceased, the mixture was allowed to stir for an additional 20 min at 80 °C. The mixture was then poured into ice and neutralized using sat. NH 4 OH solution (q.s.). The resulting suspension was extracted with CHCl 3 (3 × 30 mL) and the combined organic extracts were washed with brine (3 × 20 mL). Finally, the organic layer was dried (Na 2 SO 4 ) and concentrated to yield crude product. The crude product was then purified using flash chromatography (appropriate proportions of MeOH and CH 2 Cl 2 ). 
2,2¢,2¢¢-Cyclohexane-1,3,5-triyltripyrazine (2a)

2,2¢
,2¢¢-Cyclohexane-1,3,5-triyltripyrazine (2a); Alternate Procedure A solution of 1,3,5-cyclohexanetricarboxylic acid (0.9 mmol) in 30% H 2 O 2 (1 mL) and 10% H 2 SO 4 (1.5 mL) was cooled to 0°C followed by the addition of pyrazine (9.2 mmol) and FeSO 4 ·7H 2 O (9.2 mmol) in CH 2 Cl 2 (15 mL). After stirring for 15 min, the resulting mixture was poured into ice, the phases were separated, and the aqueous phase was extracted with CH 2 Cl 2 (3 × 5 mL). After drying (Na 2 SO 4 ), the solvent was removed in vacuo to give a yellow oil. This oil was directly applied to silica gel and eluted with a 5% MeOH-CH 2 Cl 2 mixture to afford the desired compound 2a in 24% yield.
